Syndrome, using data scaling to minimize the effects of the large variability due to methodological differences between groups. Autoimmune trees were found to be significantly larger relative to normal controls. In contrast, comparison of the measurements for tree branching indicated that similar selection pressure operates on autoimmune and normal control clones.
independent samples, and the Wilcoxon test for related samples. Multiple comparison correction (as we measured 25 different tree properties) was done by the FDR method [22] , thus the minimal α=0.05/25=0.002. FDR correction was performed separately for the unscaled and scaled data as they were compared independently of each other.
Only differences that remained significant after FDR correction were considered as meaningful.
R:S Analysis
Replacement and silent mutations were enumerated and statistically analyzed with a computer program developed in our Lab (Zuckerman et al., unpublished) using the Lossos et al. multinomial correction [23] to the Chang & Casali method [24] .
RESULTS

Large variability of AI data sets and the necessity for data scaling
Mutational lineage trees of B cell clones from patients with MG, RA, SS, and MS [6, [16] [17] [18] [19] [20] [21] , and from normal human GCs [25] [26] , were created from published and unpublished IgV sequence data; we also used published lineage trees [12, 10, 14] . Each dataset contained IGV sequences from different IGV groups and patients (Table 1) .
Where lineage tree measurements of different groups within a dataset did not significantly differ, such groups were combined [15] . Sample trees are shown in Tree measurements of AI data sets were compared to those of trees from normal human samples of both Peripheral blood lymphocytes (PBL [8] ) and germinal centers (GC [6, 26] ), revealing large variability between the data of the different groups, including between data sets of the same disease ( Figure 2 ). Despite this variability, in all but two sets [10, 14] the trees were larger than in the normal control data sets, whether we look at the number of leaves L, i.e. end cells in the sample (Figure 2A ), the total number of mutations per clone, N ( Figure 2B ), or the maximum path length from root to leaf, PLmax ( Figure 2C ). This suggests a more vigorous diversification process in the ectopic AI GCs than in the normal controls.
The differences found between the L, N, and PL of the different AI datasets are most likely due to small methodological differences at all stages of data extraction (sampling, cell labeling, and DNA amplification), the source of tissue sample and the duration of the disease at time of sequence extraction. Moreover, tree generation methods may differ between data sets as some trees [10, 12, 14] were taken from published data where IGV sequences were not available. Two AI datasets [10, 14] had smaller N and PL measures than those of the normal controls, probably also due to methodological differences in Ig sequence extraction and tree generation, as both these data groups come from the same lab.
In order to distinguish between methodological and actual differences, data were scaled by pick sizes or sequence alignment lengths. The sequence alignment length directly affects the number of nodes in a tree: the longer an alignment length, the greater the chances of finding mutations, hence longer alignments give large N and PL, amongst other outcomes. Thus N, PL, and partial paths on the tree (such as T, DASN or DLSN) may be scaled by sequence alignment length, to reduce the effects of sequence length differences, The pick size -the number of actual sequences which were sampled and are included in the tree -directly affects the number of leaves, which in turn affects the tree size N, and the degree of tree branching, as measured by 8 OD. Therefore, we scaled the N or OD measurements by either the "Tree pick size", or the "Lab group pick size", as defined above.
A comparison of the average sequence alignment lengths ( Figure 3C ) between data sets showed some variability, although slight, relative to that of AI datasets in the tree size measurements. On the other hand, the variability of the lab pick size and tree pick size ( Figure 3 A and B) of the different AI data sets seemed to reflect the variability seen in the unscaled tree measurements.
Scaling confirms larger diversification in AI lineage trees
All measurements were scaled by the sequence alignment lengths and then the rates of mutation per division, as measured by the PL, or the related measure DLFSN, were compared ( Figure 4 ). Although variability between the AI data sets persisted, most of their PL and DLFSN measurements remained significantly larger than those of the normal controls, supporting the hypothesis of a more vigorous diversification process in the AI germinal centers.
B cell selection in AI GCs is normal
While trees from AI diseases have longer paths, representing a longer diversification process, this may or may not indicate changes in B cell selection. The degree of tree branching, measured as the number of outgoing branches per node or outgoing degree (OD), indicates the extent of selection pressure, based on the assumption that selection will kill cells and thus reduce the number of leaves and hence of branches [4] . Unscaled OD measurements did not vary greatly between all different AI data sets, (not shown). Nonetheless, the experimental variability likely influenced OD measurements as well, hence they were scaled by tree pick size (number of sequences sampled to create the tree), as the more sequences that are available to build a tree, the higher the likelihood of an increase in tree branching. A comparison of the scaled OD measurements ( Figure 5 ) revealed that, in spite of the variability between AI data groups, the values remained of similar magnitude or smaller than those of normal controls. This suggested a trend of normal tree branching and correspondingly, a normal selection strength acting on the B cells in the ectopic germinal centers.
Similarly, the distances between adjacent split nodes (DASN), and the distances from a leaf to the last (or closest to the leaf) split node (DLSN), which are shorter in more branched trees and hence directly reflect selection strength, were scaled by sequence alignment length ( Figure 6 ). The scaled DASN and DLSN, although slightly less variable than their unscaled values, were still mostly as large as those of control tissues, confirming the hypothesis of normal selection pressure.
As an additional verification, we performed R:S mutation analysis [23] [24] [25] [26] [27] [28] [29] on our data, showing that the AI clones underwent positive antigen-mediated selection, at least as strong as that in normal clones (Supplementary Table 3 ). R:S analysis is known to give many false positive indications of selection [30] [31] . Nonetheless, it may be used to validate the existence of selection in cases where it has already been suggested by our lineage analysis, though it cannot be used to refute our findings in cases where we found no selection.
MS data from two time points
Sequences obtained from two MS patients [20] were taken at two points in time each:
Patient 1 was sampled at disease onset (time 0) and 1 year later (time 1); Patient 2 was sampled 9 years (time 0) and 13 years (time 1) after initial Diagnosis. Sequences from the two time points were compared in [20] for each patient using oligoclonal patterns, heavy chain CDR3 lengths -which are a measure of repertoire diversity in normal populations -and frequencies of VH families used. The study concluded that a more active diversification pattern occurred in the initial stages of the disease followed by a persistence of "memory" clones that were selected for their antigenic specificities.
In order to better understand the diversification and selection pressures which occur over time in MS, we created IGV lineage trees from published sequences [20] . The tree measurements of those clones from the same patient that appeared in both time points were compared to each other, and a paired Wilcoxon test was performed.
Because only four clones from both time points were available for each patient, tests lacked statistical significance. Nevertheless interesting trends were observed. although the number of accumulated mutations per cell, as measured by PL, increased from the first time point to the second in both patients, as would be expected if the same clones continued to develop with time, the degree of tree branching, represented by the maximum OD value (Figure 7 ), remained similar. Thus, in contrast to the conclusion of [20] , our analysis suggests similar diversification patterns at both time points for both patients. Moreover, an increase in selection pressure in patient one and a decrease in patient two was shown by the DASN and DLSN measurements ( Figure 7 ).
The consequences which led to the observed changes are unknown, and more clones and time points would be necessary to make clear conclusions as to the nature of the B cells in the ectopic germinal centers of MS patients.
DISCUSSION
The present study aimed to investigate the ontogeny and progress of AI diseases, using lineage tree analysis of Ig sequences. To reduce the variability caused by methodological differences between experimental groups, data were scaled by pick size or sequence alignment length. The results depicted the larger sizes of AI trees relative to the normal controls, indicating more mutations accumulated and a more vigorous diversification process, as expected due to the chronic nature of AI diseases.
Even more notable was the unexpected discovery that selection acting on AI disease cells was no different from that in controls, despite the irregular locations of ectopic GCs. This conclusion is significant because, while the oligoclonal nature of the sequences in the germinal center was apparent from the experimental studies from which data were extracted, the extent of selection, if any, was unclear. In this context it is noteworthy that follicular dendritic cells have been identified in ectopic GCs in RA [32], SS [10] , and MG [12] and their presence supports the evidence for antigendriven selection.
The study by Colombo et al., [20] , where Ig sequences were extracted from MS patients at two time points in the course of their disease, concluded that a more active diversification pattern occurs in the initial stages of the disease. The analysis presented here does not support this conclusion, as diversification shown by the PL measures continues at a similar pace. Moreover, the selection pressures in both cases seem to operate similarly on the clones.
Lineage tree analysis thus has the potential of yielding new findings concerning ectopic GCs in MS and other AI diseases. In order to successfully do so, in future studies larger Ig sequence sampling, the sampling of more than two time points, and the study of more patients must be undertaken. Furthermore, studies in which sequences are extracted from a larger number of patients with the same disease undergoing different treatments, or varying in symptoms or response to treatment, at different time points, may lead to an understanding of the progression of the diseases and the effects of their treatments. In most Ig sequence data available to date, only the V segment of the Ig gene is sequenced, and hence in this study only the V segments of the Ig sequences were aligned for tree generation. As a result, trees are smaller than they would have been had the whole IGV segment been used. [14] , in which only trees and not sequences were given.
Supplementary Table 1: Tree measurements and their definitions
Tree variable definition Abbreviation Range
Total number of nodes, including the root. Indicates the overall tree size.
Total number of leaves, that is, the number of distinct sequences found, for which there were no "descendant" sequences.
Number of internal nodes, that is, nodes that are not root or leaves.
IN
IN ∈ [0, N-(L+1)]
Number of pass-through nodes, that is, internal nodes that have only one child.
PTN PTN ∈ [0, IN]
Length of tree trunk from root to the first split node, that is, the number of mutations shared by all leaves.
T T ∈ [0, N-1]
Path length, where a path is defined from the root to a leaf, hence PL gives the number of mutations per leaf. 
The root's outgoing degree, that is, the number of branches emerging from the root. RootD=1⇔ T>0.
RootD
RootD ∈ [1,L]
Distance between adjacent split nodes, that is, between DASN
two consecutive splits on the same path. ODs are measured of a tree's level of branching, or "bushiness", which is interpreted as indicating the rate of diversification relative to the strength of the selection forces acting on the tree, as selection tends to "prune" the tree (by killing cells with disadvantageous mutations) and hence reduce its bushiness.
d. It is an inverse measure of bushiness (or a direct measure of the relative strength of selection) over the whole tree, hence over the whole history of the clone.
e. It is an inverse measure of bushiness (or a direct measure of the relative strength of selection) over the recent history of the clone. supported the results already shown by the OD tree measurements from our study.
Supplementary
The analysis showed (third column) that the number of IGV sequences in each of the corresponding AI datasets had statistically significant differences (p< 0.05) from the random diversification frequencies of R and S mutations in the FR. All AI datasets were found to have higher fractions than those in the normal datasets analyzed, indicating that selection occurred in at least some of the AI clones. Similarly, the AI dataset clones had larger fractions of statistically significant differences (p< 0.05) from the random diversification frequencies of R and S mutations in the CDR than the normal control datasets' clones (fourth column). Again, this indicated that the AI clones analyzed had undergone selection.
The R:S mutation ratio expected under a random process based on the inherent mutability of all codons and their frequencies is 2.9; hence an R:S ratio less than 2. (or in the case where S=0, R is at least 2.9) in the CDR, resulted in similar indications.
All AI datasets had higher fractions of clones with an R:S ratio equal or above the random ration of 2.9. Hence, it was apparent that the AI clones underwent positive antigen-mediated selection, at least as strong as that in normal clones, which supported our previous findings using tree measurement data. 
